The technique of H(D) atom photofragment translation spectroscopy has been used to investigate the dissociation of jet-cooled HOD molecules following excitation to individual rovibrational levels of itsC( 1 B 1 ) Rydberg state near 124 nm. Spectra have been recorded for both the D þ OH and H þ OD dissociation channels. The branching ratios between OH/OD(X 2 Å, high v, low N), OH/OD(X 2 Å, low v, high N), and OH/OD(A 2 AE þ ) channels vary between different parent rotational levels, and between the OH and OD products. The variation between the OH and OD channels can be attributed to an isotopic mass effect on the rotational axes which influences non-adiabatic coupling strengths. In addition, there is a population alternation with product rotational quantum number N for the OH/OD(X, high v, low N) product, most striking for the OH case, the sense of which is correlated with the value of the parent pseudo-quantum number K 0 a . It is shown that this is a consequence of recoil forces which lead to a closing of the HOD angle to near 90 accompanying non-adiabatic transfer from theC state to theÃ( 1 B 1 ) state. The oscillation in population then derives from the symmetry properties around this angle of the product rotational wavefunctions. This suggests that the symmetry-induced population oscillation can only occur for a narrowly defined angular dissociation path. Model calculations also explain the different structure of the spin-orbit doubled low N band heads for each v(OH/OD) which also alternates for even and odd K 0 a . The necessary conditions to observe these phenomena are discussed.
Introduction
The photochemistry of the water molecule, which is important in atmospheric chemistry and in interstellar chemistry [1] [2] [3] , has been the subject of extensive experimental and theoretical studies over several decades. These have revealed a wealth of quantum phenomena which stem from the involvement of several coupled electronic states with very different potential energy surfaces [4] [5] [6] [7] . Water vapour absorbs light at all wavelengths in the vacuum ultraviolet region below 200 nm. The absorption spectrum can be divided up into three main regions: (i) a broad continuum at long wavelengths (140-200 nm) associated with the electronic transitionÃ( 1 B 1 ) X ( 1 A 1 ); (ii) a second continuum centred around 128 nm associated withB( 1 A 1 ) X ( 1 A 1 ); and (iii) below 124 nm the absorption spectrum is dominated by a series of sharply structured peaks associated with Rydberg states. Excitation throughout this region results in fragmentation, leading to the production of H and OH free radicals. Related studies for the D 2 O parent molecule show quantitative variations from the H 2 O data, but have shown no surprises [8] .
Excitation to the lowest state (Ã 1 B 1 ) results in a direct dissociation that produces an H atom plus a ground state OH(X 2 Å) radical with little internal excitation [9] . The next higher state (B 1 A 1 ) has a minor direct dissociation channel yielding OH(A 2 AE þ ); and two non-adiabatic routes via (i) Renner-Teller coupling toÃ( 1 B 1 ) and (ii) a conical intersection of surfaces withX( 1 A 1 ), both leading to highly rotationally excited OH(X 2 Å), mainly with v ¼ 0. These channels have been extensively studied through excitation at the Lyman-wavelength (121.6 nm) [5] [6] [7] . It is relevant to note in the context of the present paper that the quantitative outcome of dissociation of HOD is not the mean of those for H 2 O and D 2 O [10] . Of further note was the observation of oscillations of both OH high N rotational level populations and associated recoil anisotropies which were attributed to a quantum interference between collinear H-O-H and H-H-O exiting trajectories.
The most recent study used single photon excitation to individual rovibronic levels of the long-lived C( 1 B 1 ) Rydberg state near 124 nm [11] . This state decays via Renner-Teller (electronic Coriolis) coupling to theB state, followed by the steps mentioned above yielding rotationally inverted OH(X 2 Å) and some OH(A 2 AE þ ); or through a newly discovered homogeneous non-adiabatic coupling to theÃ( 1 B 1 ) state yielding highly vibrationally inverted OH(X 2 Å). There were no quantum interference effects at this lower excitation energy, presumably because of a hindering potential barrier between the HOH geometry and the OHH geometry on theB state potential energy surface.
The aim of the present study was to ascertain how the branching between exit channels from theC state would be affected by the dynamic symmetry breaking for the HOD isotopomer. But in addition we have discovered a previously unrecognised oscillation in the population of the OH(X) rotational state products at low N quantum numbers. This we will attribute to the properties of rotational Franck-Condon factors for dissociation.
Experimental details
Photodissociation of HOD was studied using a VUV-VUV experimental scheme developed recently in our Dalian laboratory [12] . In this experiment, HOD molecules in a cold molecular beam were excited by a tuneable VUV light source generated using the difference four wave mixing (DFWM) method. The HOD sample was made by mixing H 2 O and D 2 O samples in a 1:1 ratio. H 2 O, HOD and D 2 O are all present in the molecular beam. The D-atom and H-atom products were then detected by the H-atom Rydberg 'tagging' technique in which the H or D atoms were excited from the ground state to a high Rydberg state via a two step excitation scheme. In the first excitation step, the H or D atoms were excited from the n ¼ 1 level to the n ¼ 2 level by the 121.6 nm light generated using DFWM of 212.5 nm and 845 nm in a Kr cell. In the second step excitation, the H or D atoms were excited from n ¼ 2 to n $ 45. The tuneable VUV photolysis source for the HOD photodissociation in the vicinity of 124 nm was also generated using DFWM of the same 212.5 nm light for H-atom Rydberg tagging and another tuneable light source around 750 nm. The detailed experimental arrangement for this work can be found in Figure 7 of Ref. [12] . Since 121.6 nm excitation also generates H or D signals, background subtraction was made by alternating the 124 nm photolysis laser on and off. In order to reduce the errors caused by background subtraction, the 121.6 nm generated background signal was suppressed as much as possible relative to the tuneable VUV photolysis signal. The HOD molecular beam was generated by expanding a sample of $3% H 2 O/HOD/D 2 O in Ar with a presumed ratio of 1 : 2 : 1 for the water isotopomers. Great care was taken in adjusting the pulsed valve to make sure that few water clusters were formed in the molecular beam. Since H atoms can be formed from both H 2 O and HOD and D atoms from both HOD and D 2 O, the photodissociation action spectra of thẽ C-X band of HOD can be obtained by either subtracting the action spectrum of the pure H 2 O sample from that of the H-atom product of the mixed sample, or subtracting the pure D 2 O spectrum from that of the D-atom product of the mixed sample. The Rydberg tagged H or D atoms were detected by a Z-stack MCP detector with a grounded fine mesh in front of the detector. The signals were recorded using a multi-channel scaler (MCS) system. The TOF spectra via 0 00 -1 10 and via 1 10 -0 00 are given in Figure 2 for both the D þ OH and H þ OD product channels [13] . As with H 2 O these exhibit features which reflect three different non-adiabatic routes to dissociation. A homogeneous inelastic transition fromC ( . This results in highly inverted rotational excitation of OH/OD(X), mainly with v ¼ 0, together with some excitation of OH(A). Table 1 summarises the branching ratios between the various product channels for D þ OH products, and Table 2 for the H þ OD products.
Results and discussion
In the photolysis of H 2 O with K 0 a ¼ 1, earlier spectra have shown comparable contributions from all three routes The most obvious feature of Figure 2 for HOD with K 0 a ¼ 1 is that a significant population of highly rotationally excited OH/OD(X) via theC !B Coriolis mechanism is only obtained for the H þ OD(X) products, with a branching ratio four 
0 00 -1 10 Table 2 . Branching ratios of the OD(X) and OD(A) product channels and the HODC(
0 00 -1 10 (Tables 1 and 2 ). This can be understood by reference to Figure 3 , such that the H atom lies further away from the a-inertial axis than does the D atom by a factor of about 3.6. Hence with K 0 a 4 0 the rotational velocity of the H atom around the a axis will be 3.6 times greater than that of the D atom. The consequence is that the Coriolis mechanism will strongly favour the route to H þ OD.
A further feature of this mass difference is its influence on the extent of the rotational distribution of the OH(X) and OD(X) products following dissociation via the Coriolis mechanism. The six sharp peaks between 72 and 108 ms in the D þ OH TOF spectrum via 1 10 -0 00 (Figure 2(b) ), which are the only evidence of theC !B Coriolis mechanism for these products, correspond to the strongly inverted levels of OH(X, v ¼ 0) with N ¼ 43 to 48. Such an extreme inversion, far higher than for H 2 O [11] , was also observed for OH(X) from HOD via itsB -state continuum at the Lymanenergy [10] . In contrast, while the inverted rotational population of OD(X) also peaks at around N ¼ 45, its rotational energy is significantly cooler than that observed following dissociation of D 2 O via itsB-state continuum at a comparable total energy [8] . These contrasts between OH and OD products are consequent upon momentum balances between the recoiling H and D atoms which results in a 2:1 sharing of the available energy in favour of H over D.
For H 2 O the opening of the Coriolis mechanism for transitions with K 0 a 4 0 was reflected in their line-widths in the action spectrum, which scaled proportional to hK 0 2 a i with K 0 up to 3 [11] . Table 3 lists the line-widths for HOD. Each of these widths is substantially narrower than that for the equivalent H 2 O transition-another manifestation of the influence of the mass difference on the non-adiabatic couplings. The width for the 0 00 level is the narrowest, as expected, but the measured widths for the other levels, which have K 0 only up to 1, appear too erratic to reveal a scaling law.
A more subtle, but equally striking, feature becomes apparent following assignment of the OH vibration-rotation states to the individual lines in the corresponding total kinetic energy release (TKER) spectra for theC(
route. These exhibit a strong intensity alternation with increasing OH rotational quantum number N. Furthermore, the sense of this alternation is opposite for dissociation via K Another feature that is common to all the spectra for theC( 1 B 1 )!Ã ( 1 B 1 ) route, for both OH and OD, is a doubling of the band heads at low N. This can be attributed to the spin-orbit splitting between the X( 2 Å 3=2 ) and X( 2 Å 1=2 ) sub-states. The understanding of these phenomena requires a detailed discussion of the rotational Franck-Condon factors.
Rotational Franck-Condon factors in photodissociation
There are four fine structure states to each value of N for a 2 Å state, with j ¼ N AE 1/2 and parity p ¼ AE1 as the only exact quantum numbers. For OH and OD the spin-orbit doubling constant A is aboutÀ139 cm
À1
: the levels for low j conforming to Hund's case (a), corresponding to F 1 levels ( 2 Å 3=2 ) and the higher energy F 2 levels ( 2 Å 1=2 ). In contrast, the splitting between the Ã-doublets (parity states) is much smaller than the rotational spacing. For higher j, spin-uncoupling leads to convergence of the F 1 and F 2 states for each N (Hund's case (b)), and we note that the fine structure states become unresolved in our TKER spectra. A theory was developed for this situation, in the context of an earlier Lyman-initiated photodissociation of H 2 O via excitation through the continuum of its B( 1 A 1 ) state [14] . In summary, the theory used a Hund's case (b) N-defining basis set for the fine structure states of the product, and mapped an outgoing wavefunction onto the eigen-states in this basis. For each value of j and parity the eigen-states can be written as
Where N 1 ¼ j-1/2 and N 2 ¼ j þ 1/2. The coefficients A 1 and B 1 are j-dependent according to
where
and Y is the ratio of the spin-orbit coupling constant A to the rotational constant B (Y ¼ À7.51 for OH and À14.07 for OD). In the Hund's case (b) limit,
We now consider the mapping onto these product eigen-functions of an outgoing wavefunction J,K ðR, r, Þ on theÃ( 1 B 1 ) state potential energy surface, at the energy of the excitedC-state level, and expressed in Jacobi coordinates [15] . It is assumed that the angular momentum excited around the a-inertial axis in theC state evolves adiabatically upon dissociation, thereby conserving the K 0 a quantum number. The desired populations can be derived from overlap integrals in a region of asymptotic potential energy:
and
evaluated at a fixed R in the exit channel, and where is a parity index for the parent electronic state ( equals À1 for 1 B 1 ), and " ¼ pðÀ1Þ N is the parity index of a Ã-doublet. The partial cross-sections are then obtained from
The key to the observed alternation with N in the OH populations lies in the symmetry properties of the d N KÃ ðÞ functions. For K ¼ 0 these satisfy the identity [16] carried over into the rotational populations if J,K ðR, r, Þ is symmetrically distributed around ¼ 90 . To understand how a departure from this condition on affects the population, Figure 5 (a) presents model calculations in which is represented by a narrow Gaussian function centred around ¼ 90 , 92. 5 and 95 . For the latter two angles the population for odd N shows a periodic decrease and then rise, whilst that for even N shows a synchronous periodic rise and then fall. The first value of N for which the odd and even populations become approximately equal is given by 
HOD ! DYOH
An ab-initio simulation of the dissociation dynamics requires a detailed knowledge of the mechanism of the homogeneous non-adiabatic transition from theC state to theÃ state. Unfortunately, this is not currently available, although the mechanism must involve some combination of momentum operators along each of the three vibrational coordinates. We have therefore chosen to seek a model for J,K ðR, r, Þ that gives a good representation of the observations. A vertical excitation from the minimum of thẽ X( 1 A 1 ) potential onto theÃ( 1 B 1 ) potential reaches a saddle-point between two steep exit valleys leading towards H þ OD and D þ OH. But this potential exhibits only a very weak dependence on the HOD angle. This was the background to successful interpretations of the directÃ X photodissociation of H 2 O and of HOD, based on a Franck-Condon model that neglected all effects of the exit-channel dynamics on the rotational outcome for the products [17, 18] .
This suggests that a similar model may be appropriate for the indirectÃ C X route to dissociation. However, theÃ C step releases about 2.8 eV of internal energy in reaching thisÃ-state saddle-point, most of which will be carried as OH or OD stretching motion. But even if the bending forces from the potential are negligible, by momentum conservation this bond stretching will exert recoil forces onto the O atom, resulting in an estimated transfer of between 6 and 11% of the available energy [19] . This will tend to decrease the HOD angle and impart bending angular momentum. This is taken into account in choosing a representation for the -dependence of J,K ðR, r, Þ when calculating the rotational state populations of each product vibrational level. However, we will not consider in this paper the exit channel effects on the vibration of the OH or OD products. is chosen to be a product of a Gaussian function representing the initial v ¼ 0 bending function for theC state (with s 0 ¼ 12 ), but centred around c , and an oscillating function representing the momentum enhancement
with c and as parameters. controls the length of the rotational progression, and c the even/odd alternation. Figure 6 compares the observed TKER spectrum in the spectral range around v OH ¼ 4 and 5 following excitation via 0 00 -1 10 and a model K 0 a ¼ 0 calculation with c ¼ 92. 5 and ¼ 2.0, while using separate intensity factors for the two vibrational levels. Figure 7 makes the equivalent comparison for excitation via 1 10 -0 00 with a calculation for K 0 a ¼ 1. These calculations give a good, but not perfect, representation of the principal features of the observed spectra. They also emphasise the extent of the overlap of successive rotational progressions which tends to mask the even/odd alternation for the closer spaced higher vibrational levels.
This model gives an excellent representation of the profiles around the band heads. For each N the Franck-Condon factors for F 1 (N) and F 2 (N) are comparable in magnitude, being close to the Hund's case (b) ratio of (N þ 1):N. The close pairs of Ã-doublets for F 1 (1) and F 1 (2) lie lower in energy than F 2 (1) . Consequently, with excitation via K 0 a ¼ 0 levels the vanishingly small F-C factor for F 1 (2) , having even N, leads to a deep minimum between the two heads at F 1 (1) and F 2 (1), as is observed. In contrast, for excitation via K 0 a ¼ 1 levels the F-C factor for F i (1) is about 60% of that for F i (2) (see Figure 5 ), although subsequent odd N levels are weak. Hence each band head consists of two sets of Ã-doublets with N ¼ 1 and 2, with a shallow minimum between F 1 (2) and F 2 (1). In conclusion, the two distinct profiles of these band heads confirm their interpretation as stemming from the oscillations with N of rotational Franck-Condon factors.
ðÞ was chosen in Equation (9) to be a function symmetric around c . Breaking of this symmetric assumption would probably lead to a change in the deduced optimum value of c . Furthermore, this function is not unique since the computed crosssections are not sensitive to the phases of the integrals, but only to their magnitudes. It should also be noted that c is a Jacobi angle. With equal OH and OD distances, c ¼ 92. 5 corresponds to an HOD angle of about 89 (see Figure 3 ).
HOD ! HYOD
The factors discussed above for HOD!D þ OH should equally apply to the HOD!H þ OD channel, but with separate parameters. In particular, the HOD bending energy results in longer rotational progressions because of the lower rotational B value of OD compared with OH. This gives rise to more severe overlapping, especially given smaller vibrational intervals. Secondly, a common HOD angle implies a greater Jacobi angle for H þ OD than for D þ OH. In summary, the TKER spectra for H þ OD do show some of the features expected, with these provisos. In particular, the profiles of the band heads for v OD ¼ 5, 6 and 7 show features equivalent to those discussed above for the D þ OH channel. This is even the case following excitation to K 0 a ¼ 1 levels despite the branching via theÃ-state route being very low compared with that for the dominantB-state route (Table 2) . However, the extent of overlapping structures militates against the derivation of a central Jacobi angle c .
Nevertheless, there can be no doubt that the even/ odd alternation with N in both the D þ OH and H þ OD channels, and its dependence on the value of K 0 a , stems from an HOD breakup in which the defining HOD angle is close to 90 . This effect has only become manifest in our observations because the excitation is restricted to individual rovibronic states. This analysis lends weight to our hypothesis that, as a result of thẽ A C homogeneous non-adiabatic transition, bond stretching recoil forces decrease the HOD angle and impart bending angular momentum which carries over to the products.
H 2 O ! HYOH
These observations of rotational Franck-Condon oscillations in the photodissociation of HOD lead us to suggest that this could occur in other molecules, given an appropriate set of molecular parameters and experimental conditions. In particular, surely this should be the case for the un-substituted H 2 O isotopomer. Indeed, re-examination, at the full available resolution, of our recent study of its photochemistry initiated via the equivalentC-X transitions [11] does reveal the presence of the same phenomena, although this was not recognised at the time. This is most clearly seen in the rotational structure for H 2 
Conclusions
In this experimental study the photodissociation dynamics of HOD have been recorded for excitation via single rovibrational levels of theC( 1 B 1 ) state. As in our earlier study for excitation via the continuum of theB( 1 A 1 ) state [10] , HOD exhibits features additional to those exhibited by H 2 O and D 2 O. In particular, the mass difference between H and D atoms has a strong influence on the branching between the H þ OD and D þ OH channels following Coriolis coupling from theC state to theB state, and on the extent of the rotation of the resultant OH/OD product.
The novel feature of these results has been the symmetry-induced oscillation with N of the population of rotational states for dissociation of HOD (and H 2 O), which has been successfully interpreted with the aid of model calculations. This feature is only observed for dissociation via theÃ( 1 B 1 ) state, and is attributed both to the recoil closing of the HOD angle towards 90 and to the lack of significant forces along the bending coordinate. Had there been such forces, as there are for other states of HOD, exit channel forces would have caused a major re-phasing of the outgoing wave function and thence on the rotational distribution of the products. Furthermore, this phenomenon relies on the excitation of a level (or levels) with a single value of K 0 a . It is also instructive to ask whether this phenomenon is restricted to symmetry around 90 , or whether 0 and 180 could also be possible focal points. The d N KÃ ðÞ functions scale as ðKÀÃÞ as ! 0 , and as ð À Þ ðKþÃÞ as ! 180 , with coefficients which scale smoothly with N. Thus ¼ 90 does appear to be unique for this cause of a population oscillation. But this is a different phenomenon from the quantum interference between two different channels that causes population oscillations of the product OH in dissociation of H 2 O at the Lyman-energy [6] . and ¼ 2.0, and with separate intensity factors for the two vibrational levels. Combs as in Figure 6 .
